The effectiveness of using waste bio materials as viscosity reducing agents was investigated on light and heavy crude oils of Oman. The selected materials are fiber of palm tree, date palm kernel and walnut shell. The utilization of waste bio materials is not only considered as a cost effective, but, environmentally friendly and has less effect on crude oil processing as compared to that of chemical additives. In this study, special piping structure was constructed to measure flowabilty time of crude oil. It was observed that use of bio materials reduced oil flowability time by range of 42-50% using particle size 75 µm and by 66% using particle size 150 µm. Moreover, the effect of different additives and various concentrations of bio materials on oil rheological properties, for instance viscosity and yield stress, were also studied. Results showed that the light crude oil exhibits a non-Newtonian viscoplastic behavior following (Bingham plastic model) whereas the heavy crude oil exhibits a non-Newtonian pseudoplastic behavior (shear thinning model). The use of bio materials reduced the limiting viscosities of the light crude oils by 62% using particle size 75 µm and 75% using particle size 150 µm. However, limiting viscosity of heavy crude oil was reduced by 15%. In addition, it was observed that using bio materials lowered yield shear; light crude reduced by average 32% while heavy crude oil reduced by 10%.
Introduction
Crude oil is a complex mixture of hydrocarbons containing aromatics, saturate, wax, resins, sulfur, oxygen, nitrogen, etc, ranging from light hydrocarbon compounds such as methane to large hydrocarbon molecules such as asphaltenic compounds (Al Beshara et al. 1987; Speight 1998; Wardhaugh and Boger 1991) . The chemical variations of the crude oil have a large impact on the viscosity of crude oil, ranging from 0.1 to 100 Pa s which could result in non-Newtonian behaviors (Nunez et al. 1991; Ghannam and Esmail 2006) . The viscosity has an important role in pipeline design and operation, i.e. a higher viscos fluid leads to a higher pressure drop. Fluid shearing and stress at the wall of the pipeline leading to a higher pressure drop.
Transportation of heavy crude oil suffer from pressure drop in the pipeline over a long distance. As a result, high viscosity causes losses in the applied pumping energy. Different polymers were investigated and used as viscosity reducing agents since 1948 (Manfield et al. 1999; Fu and Kawaguchi 2015; Abd et al. 2014; Hart 2014) .
Drag can be defined as the amount of pressure loss due to friction of turbulent flow inside the pipelines leading to more energy being supplied for pumping and transportation of crude oil. The relationship between friction factor and Reynolds number as proposed by Blasius equation (Trinh 2017) as As the fluid velocity is considered to be a main term in Reynolds number, as well as an essential term in friction factor relationship. Therefore, both fluid velocity and Reynolds number are affecting the pipe pressure drop. From above, it can be stated that longer the pipeline, the higher the pressure drop, states as:
(1) f = 0.079 Re 0.25 .
Pressure drop (Δp) = function offlow performance of crude oil. Viscosity reduction of heavy crude oil for pipeline transportation is essential for suppressing and stabilizing turbulent eddies and breaking laminar layer. Various techniques are used for reducing the required energy for pumping, and hence, increasing pumping efficiency and enhancing the flow performance of the crude oil through the pipeline (Ram et al. 1967; Langevin et al. 2004; Drappier et al. 2006; Hemant and Bharambe 2006; Ashrafizadeh and Kamran 2012) . Such techniques include surfactants, dilution with lighter crudes such as hydrocarbon gas and alcohol, heating, formation of oil-water emulsion, etc. However, some of these approaches are not practical such as heating over long distance from oil reservoir to refinery (Ashrafizadeh and Kamran 2012) . Similarly, difficulties of using chemicals for viscosity reduction arise during their recovery from crude oil; dissolving in heavy oil; determining the optimum dosage, and thus maintaining optimum pressure drop. For example, the use of polymer additives such as poly-isobutylene of high molecular weight diluted with kerosene was tested as drag reduction by Ram et al. (1967) which indicated that the friction coefficient was remarkably reduced. Similarly, the synthesized chemical of esterified copolymers with fatty alcohol was prepared and used as additive to Indian crude oil for drag reduction and pour point depression. The results showed an improvement in the flow properties (Hemant and Bharambe 2006) . Moreover, the effectiveness of using polyacrylamide as additive for drag reduction was investigated by Khadom and Abdul-Hadi (2014) which indicated that increasing polymer concentration increased drag reduction factor. The turbulent flow statistics were examined using superflac-A110 as drag reduction polymer (Chemloul 2014) . It was observed strong decrease in velocity fluctuations and low turbulent shear stress.
Similarly, several researchers have demonstrated the use of surfactants to improve crude oil flowability (Zakin et al. 1998; Hart 2014) .
Despite these attempts, application of these methods is still difficult such as break down of polymers and the reduction of working efficiency. Some of the chemicals used such as surfactants and/or polymers may have a negative impact on the environment (Pereira et al. 2013) .
Nanofluid materials were used as drag reduction agents and few successful results were reported (Ibrahim et al. 2017) . The obtained values of the Darcy coefficient for 100 < Re < 10,000 fitted the theoretical formulas and showed evidence that the additive had an influence on pressure loss (Calin 2009 ). The performance of using cocus nucifera fiber suspension was studied for improving flow in water pipeline, 56% in drag reduction was achieved. Samples of crude oil and water emulsions in presence of surfactants have been investigated to determine the pressure loss in pipelines and determine Darcy coefficient, λ. Both stationary and transitory flow regimes were investigated as a function of each sample's rheology (Marmy et al. 2012) . SiO 2 nanoparticles were used as drag reducing material in water pipeline. At the same conditions, the results indicated that drag reduction was more prominent in rough pipe than in smooth pipe (Pouranfard et al. 2014) . Moreover, 24% drag reduction was achieved. The efficiency of silca nanoparticles with cationic surfactant in rotating disc apparatus has been investigated by Akindoyo and Abdulbari (2015) which showed 50% in drag reduction was achieved using the proposed material.
Date palms trees are grown in many countries around the world. Arab countries have an estimated 105 million date palm trees of which more than 51 million in Arab Gulf Countries (GCC) resulted in the availability of large amounts of waste biomass. The main produced biomass consists of palm leaves, barks and date seeds (Salman et al. 2016) . Recent inventory of available waste biomass of date palm trees in GCC showed that more than 1.013 million tonnes palm leaves; 574.8 thousand tonnes of cull dates and 345 thousand tonnes of dates seeds available annually. Date palm leaves are the most available by-products of date palm trees due to cleaning and pruning operation that are conducted annually (Salman et al. 2016) . Currently, the waste of date palm trees is either disposed of in the landfills or burned without energy recovery (El-Juhany 2010; Usman et al. 2015) . A significant portion of this waste biomass could be efficiently used as viscosity reduction agents. The massive available amount of waste of date palm trees can sufficiently provide significant potential feedstock for the cost effective materials suitable for viscosity reduction of crude oil.
The goal of this work was to investigate the effectiveness using available bio waste materials such as fiber of palm tree, date kernel and walnut shell as viscosity reduction of Oman's crude oil. In addition, to investigate the impacts of these materials on viscosity and rheological properties of the crude oil. Two types of crude oils with API gravity 41.3 and 17 from Sultanate of Oman were used.
Rheology
Rheology is the science of the flow and deformation of matter under applied stress. Newtonian fluids exhibit constant viscosity which does not dependent on shear rate and fixed resistance to flow at different applied forces. NonNewtonian fluids exhibit change of viscosity with shear rate and different resistance to flow at different applied forces (Al Zahrani 1997) . The addition of water-based materials modified the rheological properties of the fluid. Investigation conducted by Benslimane et al. (2013 Benslimane et al. ( , 2016 using pipe flow of bentonite clay and mixtures containing 5 wt% of bentonite and 0.1 and 0.5 wt% of carboxymethyl cellulose. Their results showed that the bentonite suspension exhibited shear thinning rheological behavior as described by the Herschel-Bulkley model. In addition, they concluded that the bentonite suspensions showed small drag reduction while the blends of clay-polymer exhibited much more effects. The Non-Newtonian fluid can follow one of the models below:
Shear thinning with initial yield stress (thixotropic), n < 1. Shear thickening with initial yield stress (rheopactic), n > 1.
Bingham plastic (viscoplastic), n = 1. Shear thinning (pseudoplastic), n < 1. Shear thickening (dilatant), n > 1. The general form for the above models is where k is the consistency coefficient, n is the power law index, is the yield stress. The rheological characteristics of crude oil have a very important role in the drilling, production and transportation through pipeline. The crude oil behavior may change from Newtonian behavior at which rheological properties are simple to non-Newtonian behavior depending on the variation of the wax content and viscosity. The influence of asphaltenes in the Venezuelan crude oil were investigated by Pierre et al. (2004) . They found that at low temperature, the viscosity was dropped under shear stress and the crude oil behaved as a shear thinning model, but at high temperature, asphaltenes behaved like Newtonian fluid. It was suggested that the rheological behavior of emulsion of Algerian crude oil-water follows Bingham model (Benziane and Zahloul 2013) . Similar rheological work has been conducted by Abd et al. (2014) on stabilized Malaysian crude oil and water emulsion by cocamide at different water fractions. Their results showed that at higher cocamide concentration and lower water fraction have the most effective conditions in stabilizing the emulsion, and the tested samples were modeled by shear thinning formula.
Methodology
Two types of crude oils from Sultanate of Oman were used in preset investigation, light crude from Yibal oil field; density 0.818 g/cc and API gravity 41.3 @ 15.56 °C and heavy crude from Mukhaizna oil field; density 0.95 g/cc and API gravity 17 @ 15.56 °C.
In this study, to our knowledge the application of bio materials as a potential viscosity reduction agent for crude oil were reported first time. Four types of materials were used: palm tree fiber, walnut shell and kernel of dates (roasted and unroasted). Each material was washed thoroughly with water, dried using hot air oven at 60 °C, and then grounded. The grounded bio material was sieved to obtain powder with two different particle sizes; 75 and
150 µm. Each bio material was used in amount of 10, 20 and 100 ppm crude oil. These bio materials and crude oil were thoroughly mixed using digital magnetic stirrer. Each material was soaked in crude oil for 24 h before the experiment. The work was conducted at a temperature of 22 °C.
Flowability test
Piping rack was manufactured for testing the flowability time of crude oil with and without bio materials. Photo of piping rack is shown in Fig. 1 . This rack consists of three galvanized pipes, each 2 m long and 0.5 in. diameter. The piping rack was set with a slope of angle 2°. The experimental work was carried out at atmospheric pressure.
Rheological test
Rheological measurements for samples of crude oil with and without suspended fiber were carried out using TA-Rheometer. Peltier Plate geometry was selected. The most commonly procedure used is the flow ramp for the non-Newtonian fluid. The procedure started by selecting the type geometry by choosing the DIN Peltier Plate and set the system for the zero gap. Then each sample was loaded onto the geometry. The test conditions in this work were: sample interval is 10 
Results and discussion
The selected bio waste materials were separately mixed with two types of Oman's crude oils and used as viscosity reduction. These materials were prepared at two different particle sizes; 75 and 150 µm at different concentrations; 10, 20, 100 ppm.
Light crude oil
The effects of using bio materials as viscosity reduction on the flowing time of the light crude oil are shown in Fig. 2 . It can be seen that the flow time of light crude oil was reduced by 42% when using particle size 75 µm compared to that of pure crude oil, and reduced by 66% when using particle size 150 µm due to larger oil-solid particles. These results indicate that the using of bio materials would be attributed to the stabilization of the turbulent boundary layer.
The rheological properties, such as viscosity, yield stress and shear stress of the crude oil using bio materials were studied. The viscosity results are shown in Figs. 3 and 4 using 75 and 150 µm particle size respectively. In whole, and regardless the use of bio materials, it was observed rapid decreases in the apparent viscosities as shear rate increased up to 1000 s −1 and reaching limiting viscosities. The limiting viscosity is considered to be one of the rheological characterization terms. The results of limiting viscosities for different types of bio materials, particle sizes and concentrations are shown in Fig. 5 . As observed, a 62% decrease in the limiting viscosity was achieved using particle size 75 µm and 75% using particle size 150 µm. The lowest limiting viscosity was achieved when using fiber of date palm. These additives showed no much effect on oil initial viscosity which indicates no changes in crude oil physical properties.
Ramp shear stress test was performed to analyze the rheological behavior of the crude oil samples with and without using bio materials. The obtained results using particle sizes 75 and 150 µm are shown in Figs. 6 and 7, respectively. As shown, all samples of pure oil under stress followed Bingham model, values of consistency index 'k' were calculated and shown in Fig. 8 . The results showed that 'k' value for pure oil equal to 0.04 whereas the average 'k' value of oil mixed with bio material equal to 0.024. The value of consistency index 'k' refers to the viscosity and stress at a specified shear rate. The achieved low 'k' values indicate the lower viscosities and lower stress of the oil samples using bio materials. This behavior would be considered best for pumping and transportation.
Likewise, yield stress can be defined as the limiting stress below which the material sample under test behaves like solid. From the rheological tests, as shown in Fig. 9 , it was observed that the addition of bio materials results in lower yield shear stresses due to reduction of oil viscosity.
These results give a good indication on the effectiveness of using bio materials on improving flow in pipeline which could benefit to reduce the pumping energy.
Heavy crude oil
The effects of using bio materials as viscosity reduction on the flowing time of the heavy crude oil are shown in Fig. 10 . It can be seen that the flow time of heavy crude oil was reduced by 50% when using particle size 75 µm compared to that of pure crude oil, and reduced by 65% when using particle size 150 µm due to larger oil-solid particles. These results indicate that the using of bio materials would be attributed to the stabilization of the turbulent boundary layer. It is worth mentioning that applying 150 µm size bio materials has induced a good impact on reducing oil viscosity and yield stress. Viscosity and shear stress tests were carried out on the heavier Oman's crude oil with and without using bio materials of particle size of 150 µm is shown in Figs. 11, 12 and 13. The results of the oil apparent viscosities are shown in Fig. 11 . The results showed rapid decreasing in all apparent viscosities as the rate of shear strain was increased and then reaching constant limiting viscosities at the higher shear rate of 1000 s −1 . The results of limiting viscosities for different concentrations are shown in Fig. 12 . It can be observed that the limiting viscosity decreased using bio materials compared to that of pure crude oil for all samples. In addition, the obtained results showed no substantial effect on oil initial viscosity which indicates no change in heavy crude oil physical properties.
Ramp shear stress test was performed and the results are presented in Fig. 13 . Pure heavy crude oil followed shear thinning (pseudoplastic) model with n = 0.0506 as shown in Fig. 14 , whereas, all samples of crude oil mixed with bio materials followed Bingham model with 'k' value of average 0.0014 (Fig. 14) . The achieved low values of 'k' indicate the lower viscosities and stress of the heavy crude oil when using bio materials, thus, these materials would be considered an alternative option for viscosity reduction.
Likewise, yield stress results showed that the addition of bio materials lower yield shear stresses for all bio material except for sample with fiber material due to the reduction of drag viscosities as shown in Fig. 15 .
These results give a good indication on the effectiveness of using bio materials on improving flow in pipeline and could result in reducing the pumping energy.
In the case of heavy crude oil, it can be seen small peaks in the responses of yield stresses, this may be due to the strong bonds between oil-oil and oil-materials particles causing stress overshoot. When reaching shear rate of 150 s −1 , bonds were broken and shear stress decreased and, all samples behaved like samples without strong bonds and showed the same trend.
The examined bio materials of various chemical compositions, structures and adherence to oil have resulted in different reflection on the measured limiting viscosities and yield stresses.
The summary of results is presented in Table 1 . The use of bio materials reduced both the limiting viscosities and yield stress, the light crude oils was reduced by average 62% using particle size 75 µm and 75% using particle size 150 µm. However, limiting viscosity of heavy crude oil was reduced by 14%. In respect to yield stress, it was observed that the addition of bio materials resulted lower yield stress, light crude reduced by average 32% while heavy crude oil reduced by 9.3%.
The SEM images 1000 × magnification taken for pure bio materials and that immersed crude oil for 24 h is shown in Fig. 16 . These images show reduction in surface roughness of particles immersed in oil compared to pure particles. This may lead to the possibility of smoothing mechanism and reduction in friction of drag viscosities and hence improving crude oil transportation in pipeline.
Conclusions
The large availability amount of waste bio material from palm trees is 2 million tonnes annually in GCC, it is more than sufficient to be economically utilized to decrease viscosity of crude oil. The bio materials were found to be effective drag reducing agent when used with Oman's crude oil. The limiting viscosities were decreased by more than 50% while yield stresses were reduced by more than 30%. Among four of the used material, the better result achieved using fiber of palm tree, and the most effective particle size was 150 µm. The lowest oil viscosity was obtained using concentration of 20 mg L −1 . In respect to yield stress results, it was observed that the addition of bio materials produced lower yield shear stresses for all types of bio material used. Rheological results showed that the light crude oil follows Bingham model whereas heavy crude oil follows shear thinning model. The microscopic study on bio materials proved the reduction in surface roughness of particles immersed in oil compared to dry particles. The reduction in surface roughness led to reduction in drag viscosity. 
